In this paper, we present a Lewis-acidpromoted reaction of 2-benzoylbenzaldehyde and trialkenyl phosphites, which resulted in the formation of polycyclic phosphonates. The reaction proceeded via nucleophilic attack of trialkenyl phosphite on the carbonyl carbon of 2-benzoylbenzaldehyde. The subsequent intramolecular Diels-Alder reaction led to the formation of the cyclic phosphonate.
Cyclic phosphonates are often utilized as key intermediate reagents (synthetic intermediates) in the preparation of synthetically useful products and biologically active compounds [1, 2] . Therefore, the synthesis of these compounds has attracted a great deal of research attention in the fields of synthetic organic, bioorganic, and medicinal chemistry [3] [4] [5] [6] . Moreover, the development of new methods for the preparation of cyclic phosphonates has become very important in organic chemistry. For this purpose, the chemistry of isobenzofuran [7, 8, 9] and the intramolecular Diels-Alder reaction [10, 11] are extremely interesting from a theoretical point of view. They represent a possible way to synthesize pharmaceutical candidate compounds, such as natural products and biologically active compounds with complicated structures in only a few short steps [3, [12] [13] [14] [15] [16] [17] [18] [19] [20] . For example, the synthesis of alkaloid derivatives using Lewis acids has been reported by Yilin et al. [21, 22] . Previously, we reported the formation of dialkyl isobenzofuran-1-ylphosphonates by the reaction between o-phthalaldehyde and trialkyl phosphites in the presence of a Lewis acid (Scheme 1) [23, 24] .
In this study, we attempted to apply a Lewis-acidpromoted reaction of aromatic aldehydes and alkenyl phosphites to establish a new method for the one-step synthesis of polycyclic phosphonates.
Unfortunately, the reaction of o-phthalaldehyde 1 with triallyl phosphite 2a or tributenyl phosphite 2b failed to produce the intramolecular Diels-Alder adducts 4a and 4b (Scheme 2). We considered the possibility that isobenzofuran derivatives 3a and 3b were formed as intermediates, but decomposed due to their instability under these reaction conditions. Because of the low dienophilicity of the C=C bond of allyl and butenyl groups, the intramolecular Diels-Alder reaction of 3 did not proceed smoothly. On the other hand, adducts 5a and 5b were formed from the reaction of 1 with trialkenyl phosphite and N-phenylmaleimide via intermediates 3a and 3b. However, we considered the possibility to obtain the intramolecular adducts by stabilizing the intermediates 3a and 3b.
Considering the previously reported stabilization effect of a phenyl group on the intermediate isobenzofuran-1-ylphosphonate [25], a similar approach was employed in this study. It was expected that the replacement of 1 by 2-benzoylbenzaldehyde 6 would stabilize the intermediates, isobenzofuran derivatives 7a and 7b, due to a resonance effect derived from the phenyl group. The intramolecular adduct 9b (Scheme 3, 31% yield) was generated from the intramolecular DielsAlder reaction of isobenzofuran derivative 7b and the subsequent aromatization of the product 8b. However, these reaction conditions did not yield the intramolecular adduct 9a. This suggested that the strain of the 5-membered ring in 8a is stronger than that of the 6-membered ring in 8b. The fact that the yield of the intermolecular adduct 5a (47%) from triallyl phosphite 2a was better than that of 5b (27%) from tributenyl phosphite 2b (Scheme 2) indicated that the reaction of 2a proceeded more smoothly than that of 2b because the allyl cation is more stable than the butenyl cation.
As previously reported, the rate limiting step in the formation of isobenzofuran-1-ylphosphonates is the alkyl group elimination from the trialkyl phosphite [25] . Moreover, the reaction proceeds more easily and the yield is increased when the alkyl group is smaller [Scheme 1, R 1 = H, R 2 = Me (80%), Et (71%), Pr (67%), and i-Pr (55%); endo/exo total yield). Similarly, the yield of polycyclic phosphonates should improve when the butenyl group of the trialkenyl phosphite is converted to a methyl group.
Therefore, dibutenyl methyl phosphite 2c, where one of the butenyl groups is replaced by a methyl group, was employed in the reaction. This led to an increase in the total yield of the reaction to 67%, with 9b (48%) being the major product after elimination of the methyl group (Scheme 4).
In summary, a new method for the synthesis of polycyclic phosphonates was developed, involving the treatment of 2-benzoylbenzaldehyde 6 with alkenyl phosphites, such as 2b and 2c. Polycyclic phosphonates 9b and 9c were obtained via an intramolecular cycloaddition in only one step. These reactions provide a new approach to the generation of cyclic phosphonates.
Experimental Details
1 H NMR (400 MHz) and 13 C NMR (100 MHz) spectra were recorded in CDCl 3 on a Bruker AVANCE III instrument. Tetramethylsilane was employed as an internal standard. The melting points were determined using a Yanako micro melting point apparatus and were uncorrected. Highresolution mass spectra were obtained using a JEOL JMS-T100GCV (EI) and microOTOF-QII (ESI).
General Procedure for the Preparation of Intramolecular Diels-Alder Adducts
BF 3 •OEt 2 (1 mmol) was added to a solution of 2-benzoylbenzaldehyde 6 (1 mmol) in acetonitrile (3 mL) at Scheme 4 0 °C. After stirring at this temperature for 0.5 h, alkenyl phosphite 2b or 2c (1 mmol) was added and the mixture was stirred at 25 °C for 48 h. HCl solution was added to quench the reaction, and the organic layer was extracted with CH 2 Cl 2 , washed with NaHCO 3 , dried over anhydrous Na 2 SO 4 , and concentrated in vacuo. The residue was chromatographed on silica gel (AcOEt:Hexane = 1:1) to give 9b or 9c. 
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